Abstract: Thorny shrubs are considered as an important driver in the natural development of temperate forest structures, particularly in European lowland forests. We assessed the current role of thorny shrubs in the regeneration of deciduous tree species under heavy browsing pressure in a central European temperate forested landscape. The study's military training area offered a unique opportunity to investigate the processes in which deciduous tree seedlings grew under thorny shrubs and in the close vicinity of thorny shrubs in a landscape with a high density of large herbivores (red deer and sika deer). We assessed the number of seedlings, species composition, seedling height, and degree of browsing damage, and their relationship to study plots elevation, thorny shrub species, coverage, and height. The regenerated tree seedlings were mostly detected as common ash (Fraxinus excelsior) and wild cherry (Cerasus avium). The species of thorny shrubs were blackthorn (Prunus spinosa), hawthorn (Crataegus sp.), and wild rose (Rosa sp.). We found that the thorny shrubs protected the tree seedlings from browsers to a large extent. However, the effects of thorny shrubs on the tree seedlings' characteristics varied among the shrub species. While results revealed significant effects of hawthorn and wild rose on the tree seedlings' abundance and survival, blackthorn's negative effect of shading the tree seedlings outweighed its protective role. These results indicated a possible mechanism that enabled the regeneration of deciduous tree species under large herbivore pressure. These results can be applied in the landscape planning and forest management of deciduous tree regeneration and forest restoration in temperate forested lowland landscapes, where high densities of large herbivores (without the presence of large predators) usually occur.
Introduction
As reforestation and forest restoration grow in importance in Europe and around the world [1] , the debate concerning the appropriate reference points and ecological conditions continues to evolve [2, 3] . The development of the landscape matrix in the European temperate zone after the last Ice Age [4] was thought to have been dominated by forested landscapes [5] . The well-known study of Vera [6] , however, offered a historical perspective on the European temperate lowland forested landscape as an open savannah (wood-pasture landscape) maintained by large herbivores, such as the European bison (Bison bonasus, Linnaeus, 1758), the Eurasian wild horse (Equus ferus ferus Boddaert, 1785), and the auroch (Bos primigenius, Bojanus, 1827). Vera´s theory is based on the assumption that most of light-demanding deciduous trees were not able to regenerate naturally in closed and dark mature forests. Vera distinguished four phases of open-landscape development. The first phase was an open, savanna-like phase with scattered, very large trees. This phase was followed by a shrub phase with the spread of thorny shrubs, which provided a shelter for tree seedlings and young trees against the browsing of large herbivores. Later, the tree-dominated phase followed, during which shrubs disappeared from the shaded closed mature forest, and large herbivores returned and prevented tree regeneration. The final stage was the break-up phase, in which the canopy opened up as mature trees died. Thus, large herbivores and thorny shrubs can be considered as the crucial drivers of the temperate European lowland forest ecosystem history. The study of Birks [7] proposed a rejection of Vera's hypothesis based on a comparison with competitive hypotheses, e.g., [8] . Bakker et al. [9] presented multiple evidences of large changes in vegetation structures around the world after the extinction of large herbivores, with a tendency towards a higher occurrence of woody plants and less open landscapes. Some authors highlighted the neglecting of the ecological effects of large carnivores as an important shortcoming of Vera's theory [10] . Generally, this theory has been widely debated [11, 12] , but there is difficulty to test it under current natural conditions, as the European lowland landscape has changed substantially [13] [14] [15] .
The ecological role of large herbivores in today's temperate European lowland forested landscapes depends predominantly on the herbivore density [16, 17] . A low density of large herbivores can be associated with a high diversity of invertebrate species of conservation concern in lowland managed hardwood forests, as pointed out in study [18] from the Czech Republic. Some studies suggested the return of forest browsing by large herbivores, including cattle [19] , in temperate European lowland hardwood forests as a tool for the conservation of invertebrate diversity [20] . On the other hand, a high large herbivore density in temperate lowland hardwood forests limits bird diversity in forest ecosystems, especially in guilds of bird nesters in the understorey and shrub layers [21] . The understorey foliage in lowland forest ecosystems in England is significantly reduced by high deer density, with significant negative impacts on forest regeneration and biodiversity [22] . The effects of large herbivore browsing pressure on lowland forest biodiversity are aggravated due to the absence of large predators in the prevailing areas of lowland European cultural landscapes [23] .
Large herbivores influence the survival of seedlings and sapling growth in forested lowland landscapes [24] . Based on many other factors (soils, competition, etc.), the density of shrubs probably plays an important role in the survival of deciduous tree species under browsing pressure [25, 26] . Some temperate deciduous tree species also regenerated vegetatively by layering or suckering, which can be more robust strategies than regeneration from seeds in the conditions of browsing by large herbivores [27] . Generally, there are still important knowledge gaps in our understanding of the relationships among large herbivore density (and browsing pressure), thorny shrubs [28] , and the natural regeneration of temperate lowland forests [29] . Forest management decisions at the site level must include the large herbivore browsing pressure in decision making [30] [31] [32] . The aim of this study was to test the effects of large herbivores and thorny shrubs on tree regeneration in a current landscape in order to understand how patterns may have played a key role. Furthermore, knowledge of these patterns can be used as a decision support tool in the restoration management of lowland forest ecosystems, and in re-starting the natural regeneration of diverse tree communities under browsing pressure of large herbivores (if large carnivores are absent). This is a reason why our study focused on the current ecological interactions between large herbivores and thorny shrubs in a temperate European lowland forested landscape.
We found a suitable study area for this research in the western part of the Czech Republic: A military training area (MTA). In central European landscapes, military training has caused frequent and irregular disturbances, followed in succession by thorny shrub growth and forest vegetation. This succession generated a fine-scaled mosaic of different types of habitats. Recently, awareness of MTAs as important biodiversity refuges has increased [33, 34] . In contrast with studies which have presented the results of interactions between large domesticated herbivores and the regeneration of forest tree species [35, 36] , our study aimed to reveal the interactions among large wild herbivores, thorny bushes, and the natural regeneration of forest tree species. The aim of this study was to test the effects of large herbivores and thorny shrubs on tree regeneration in a current landscape in order to understand how patterns may play a key role. Furthermore, knowledge of these patterns can be used as a decision support tool in the restoration management of lowland forest ecosystems, and in re-starting the natural regeneration of diverse tree communities under browsing pressure from large herbivores.
We defined the hypothesis as: "Thorny shrubs play an important role in the protection of deciduous tree regeneration against browsing by large wild herbivores". To test the hypothesis, we used regression analysis and investigated the determinants of: (i) The probability of tree species regeneration; (ii) the heights of seedlings and saplings; and (iii) the proportions of seedlings and saplings damaged by browsing of large herbivores.
Materials and Methods

Study Area and Study Plots Design
The study was conducted in the Military Training Area (MTA) named Hradiste, located in the western part of the Czech Republic close to the border with Germany. The area of the MTA was 330.15 km 2 . The local inhabitants were forced to move out at the end of WWII, and the area was converted into an MTA. The open areas were maintained tree-less and used for army training, such as target practice for the air force, tank units, and infantry. After 1989, army activities were ended and the area was abandoned. The processes of natural succession were developed [37, 38] . Since the area has been abandoned, thorny shrubs, wild rose (Rosa spp.) hawthorn (Crataegus spp.), and blackthorn (Prunus spinosa L.) have dominated. At the same time, the local populations of two species of large herbivores-red deer (Cervus elaphus Linnaeus, 1758) and sika deer (Cervus nippon Temminck, 1838)-have become very high: While the normal stock of red deer in the whole area would be only 125 individuals, the spring stock in the year 2000 of red deer was 390 individuals, and for sika deer it was 281 individuals [39] . Records from a large herbivore census showed an average annual population density of 1.53 individual sika deer per 100 ha, and 1.41 individual red deer per 100 ha [40] . As dietary overlap between red deer and sika deer in the study area is very high [41, 42] , we did not take into account that red deer is a native species while sika deer was introduced in 1920. The environmental conditions are characterised by an average annual temperature of 6.8 • C and an average annual precipitation of 632 mm. The elevation on the MTA varies from 380 to 934 m a.s.l. (the highest peak). The main soil types are mesotrophic and eutrophic cambisols. The forest structure has changed over history, and the present forests are formed mainly by Norway spruce (Picea abies (L.) Karsten), pine (Pinus sylvestris L.), larch (Larix decidua Mill.), and beech (Fagus sylvatica L.). On abandoned segments, grove and scattered mature trees were formed by maples (Acer spp.), lime (Tilia spp.), beech, oak (Quercus robur L.), ash (Fraxinus excelsior L.), cherry tree (Prunus avium L), aspen (Populus tremula L.), and willow (Salix sp.).
We identified large abandoned forest-free areas in the MTA (total surface of approximately 200 ha), and divided each area into a regular grid of squares of 50 × 50 m. Based on the aerial pictures and forest maps, the intersections of the grid were selected so that the distance from a seed source tree would not exceed 100 m. After this primary selection, the plots were numbered, and 40 plots were selected using a pseudorandom number generator. The sample plots were squares of 10 × 10 m, and their centres were located in the selected nodes. We recorded the elevations of the plots and then the thorny shrub species, thorny shrub composition (proportion of cover), shrub cover, average shrub height, number of seedlings (<0.5 m) and saplings (0.5-5 m) for every forest tree species, seedling composition (proportions) and height, damage from browsing (from 0% to 100%, between undamaged and damaged seedlings and saplings), and distance of plot centre from a possible seed source. Any visible damage caused by large herbivores (either on terminal shoots or branches) meant classification as damaged seedlings or saplings from browsing. Seed trees were checked for the presence of seeds in their crowns.
Data Analysis
We used the Pearson correlation analyses to create a 3-by-7 table of correlation coefficients that measured the strengths of associations between the variables we were interested in. These were: Number of seedlings and saplings from forest trees, heights of seedlings and saplings, and damage from browsing on the one side; and elevation of a unit area, heights of shrubs, shrub cover, distance from seed source, wild rose proportion, hawthorn proportion, and blackthorn proportion on the other side. To investigate the relationship between the heights of seedlings and saplings (HSS) and the heights of shrubs, we had to take into account that the HSS is likely to be affected by the browsing of large herbivores. Therefore, in this specific case, as a control for the damage from browsing, we employed a regression analysis which took the form of HSS = a (coefficient of intercept) + b 1 (heights of shrubs) + b 2 (damage from browsing). We estimated the parameters a, b 1 , and b 2 using the ordinary least squares (OLS) with robust standard errors.
In the main part of the analyses, we used different regression models to examine the relationships that we were interested in. First, we analysed factors that influence the probability of non-zero regeneration (there were no tree seedlings and saplings in seven plots). We created a "dummy variable" with the value of 1 if there was any regeneration, and the value of 0 if there was no regeneration in the plot. We then used logit regression. Second, we tested the determinants for the number of regenerated tree seedlings and saplings. The number of tree seedlings and saplings was the dependent variable in this analysis. We included 39 plots in the analysis, as there was a clear outlier (the number of seedlings and saplings in this plot was 56% of all seedlings and saplings). Since the dependent variable was expressed in non-negative numbers (counts), we used the Poisson regression method. Next, we tested the determinants of the tree seedling and sapling heights. We used a two-step regression model because the heights of tree seedlings and saplings can only be explained for a non-zero number of seedlings. In the first step, using the logit method for all 40 plots, we solved factors of non-zero numbers of seedlings and saplings. In the second step, using the OLS method for only for 33 plots (with a non-zero number of seedlings and saplings), this study examined the factors influencing the heights of seedlings and saplings.
The last part of our analysis was focused on damage from browsing. We also used a two-step approach, as the damage can also be explained only for a non-zero number of seedlings and saplings. In the first step, using the logit method for all 40 plots, we solved the factors of a non-zero number of seedlings and saplings. In the second step, the dependent variable, the proportion of damaged tree seedlings and saplings, could take values from 0 to 1. To perform an OLS regression, we had to transform the variable using the logit transformation. Before the transformation, we replaced the values 0 and 1 (which are not defined in the transformation) with numbers close to them (0.001 and 0.999). We analysed data from 33 plots because there was no regeneration in seven of the plots.
We used the statistical software Stata 15 [43] for all analyses. Throughout all regression models, we worked with the same set of explanatory variables: Elevation of a unit area, heights of shrubs, shrub cover, distance from seed source, and the composition of the shrub species (wild rose, hawthorn, and blackthorn). The composition of shrub species was first entered into the regressions individually (one by one), and then in pairs in all three possible combinations (hawthorn with wild rose, hawthorn with blackthorn, and wild rose with blackthorn). This resulted in six specifications for each regression model. We estimated all specifications and models using robust standard errors to correct for slight deviations from the standard regression assumptions of the homoscedasticity and normality of residuals.
Results
We determined eight species of regenerated broadleaved trees. Common ash (Fraxinus excelsior L.) was the most abundant and constituted 84.4% of trees or shrubs, followed by cherry (Prunus avium L.)-4.9%, sycamore maple (Acer pseudoplatanus L.)-3.6%, common hazel (Corylus avellana L.)-2.1%, field maple (Acer campestre L.)-1.7%, aspen (Populus tremula L.)-1.4%, Norway maple (Acer platanoides L.)-1.1%, and beech (Fagus sylvatica L.)-0.9%.
The most abundant thorny shrub was hawthorn (Crataegus spp.), comprising 53.5% of shrubs in the plot, then blackthorn (Prunus spinosa L.)-23.1% and wild rose (Rosa spp.)-23%. The total thorny shrub cover ranged from 20% to 100% (Table 1) . 3 standard deviation (SD), 4 heights of seedlings (HeightS), 5 number of seedlings and saplings per 100 m 2 -one plot (NumberS), 6 proportion of damaged seedlings and saplings (DamS), 7 hawthorn composition (Comp hawt), 8 wild rose composition (Comp rose), 9 blackthorn composition (Comp black), 10 heights of shrubs (Hh), 11 shrub cover (Cover), 12 plot elevation (Elevation), and 13 distance from seed source-maternal trees (DistTree).
The correlation analyses between the number of seedlings and saplings, and thorny shrub characteristics showed that the number of seedlings and saplings correlated positively with the hawthorn composition and negatively with the blackthorn composition. In seven plots, there were no tree seedlings and saplings, and of those, five were plots with dominant blackthorn, which covered between 90%-100%. The percentage of seedling and sapling damage showed the same relationship ( Table 2 ). The occurrence of wild rose positively correlated with the heights of seedlings and saplings. We were also interested in the relationship between the heights of seedlings and saplings (HSS) and the heights of thorny shrubs. The bilateral correlation was negative but marginally insignificant at the 10% level. However, when we controlled for the damage from browsing using the OLS regression with robust standard errors, we discovered that the relationship between HSS and heights of shrubs was negative and statistically highly significant at the 1% level, with a coefficient of −0.103 and a p-value of 0.009. The relationship between damage from browsers and heights of seedlings and saplings was statistically insignificant.
Next, we focused on the determinants of tree species regeneration, heights of seedlings and saplings, and finally, on the proportion of seedlings and saplings damaged by large herbivores. On average (and in most models), the probability of tree species regeneration grew as the cover of thorny shrubs increased and as the proportion of hawthorn and wild rose increased. The probability fell with a higher proportion of blackthorn and with longer distances from seed source trees (Table 3) . Elevation had no effect on the probability of regeneration. The number of seedlings and saplings positively correlated with shrub heights in all models and with total thorny shrub coverage (give models). It was also evident that the higher the proportion of hawthorn, the higher the number of seedlings and saplings. (Table 4) . Table 3 . Factors of probability of tree species regeneration, expressed by logit regression coefficients for six models. Mod1 is blackthorn, Mod2 is hawthorn, Mod3 is wild rose, Mod4 is wild rose with hawthorn, Mod5 is hawthorn with blackthorn, and Mod6 is wild rose with blackthorn. * Significance level is p < 0.1, ** significance level is p < 0.05, *** significance level is p < 0.01. All regression models were estimated with robust standard errors. 1 Plot elevation (Elevation), 2 hawthorn composition (Comp hawt), 3 wild rose composition (Comp rose), 4 blackthorn composition (Comp black), 5 heights of shrubs (Hh), 6 shrub cover (Cover), 7 distance from seed source (DistTree), 8 In all models, the heights of seedlings and saplings increased with elevation and declined as the heights of shrubs increased. The presence of wild rose was a positive determinant of heights for seedlings and saplings, but it was only significant in models where hawthorn was absent. Hawthorn was a negative determinant of seedling and sapling heights, but not in models with wild rose (Table 5) .
Models
The proportion of seedlings and saplings damaged through browsing declined with higher shrub coverage. This relationship was significant in all models but one (blackthorn monoculture). The proportion of damaged seedlings and saplings also negatively correlated with the proportion of wild rose, and this relationship was significant in all models. However, in the models where wild rose was absent, the proportion of damage positively correlated with the proportion of hawthorn. The proportion of blackthorn was significant only in the model with hawthorn. Elevation was also negative and marginally significant in some of the models (Table 6 ). Table 5 . Determinants of heights of seedlings and saplings of tree species expressed by second-step ordinary least squares (OLS) regression coefficients (conditioned on the first-step logit regression) for six models. 3 wild rose composition (Comp rose), 4 blackthorn composition (Comp black), 5 heights of shrubs (Hh), 6 shrub cover (Cover), 7 distance from seed source (DistTree), 8 number of observations (No obs). Significance level is p < 0.1, ** significance level is p < 0.05, *** significance level is p < 0.01. All regression models were estimated with robust standard errors. Table 6 . Determinants of the proportion of damaged seedlings and saplings of tree species expressed by the second-step OLS regression coefficients (conditioned on the first-step logit regression) for six models. 3 wild rose composition (Comp rose), 4 blackthorn composition (Comp black), 5 heights of shrubs (Hh), 6 shrub cover (Cover), 7 distance from seed source (DistTree), 8 
number of observations (No obs).
Significance level is p < 0.1, ** significance level is p < 0.05, *** significance level is p < 0.01. All regression models were estimated with robust standard errors.
Discussion
Large herbivores steer temperate forest composition in two major ways: Preferential browsing and grazing of more palatable species such as broadleaved tree species, and intense physical disturbance such as trampling or uprooting, which can eliminate entire cohorts of seedlings and samplings from forest stands [44] . Our study confirmed the protective function of the thorny shrubs. This study also highlighted a potential of thorny shrub application in vegetation management and planning in temperate lowland cultural landscapes, which are often influenced by high densities of large herbivores. Some thorny shrub species (wild rose and hawthorn) can withstand browsing pressure and provide protection to seedlings of tree and shrub species [45] . The utilization of such protection from an unpalatable neighbouring species, known as facilitation, has been studied in several plant-herbivore systems [46] . We have shown that associational resistance can be very effective for some deciduous tree species.
The results of our study are comparable with studies of broadleaved lowland forests [47] , although some of our study plots are located above 700 m a.s.l., which is the limit for lowland forests in the Czech Republic [48] . In our study area, common ash formed the majority of seedlings and saplings, followed by wild cherry and sycamore maple. Ash and maples' winged seeds can probably facilitate seed dispersal over longer distances from their maternal trees. Wild cherry seeds are mainly spread by birds and mammals (such as foxes) [49] . In accordance with our results, the predominance of common ash during the colonization of open areas in landscapes was also confirmed by study [50] , which evaluated woodland expansion on former agricultural land. This mentioned study also revealed that the intensity of damage from browsing was least when under the shelter of shrubs. A similar recent situation was presented by Vera [6] in the National Park Dölby Söderskog, where ash, elm, and sycamore maple dominated in the composition of natural regeneration, mainly in the height category of less than 0.5 metres. Study [51] supported our findings by a report of thorny shrub thickets of blackthorn and hawthorn offering key physical protection against large herbivores in lowland broadleaved forests and in browsed woodlands.
In our study, the effects of different species of thorny shrubs varied. The probability of regeneration grew with an increase in cover and in the proportion of two thorny shrub species-wild rose and hawthorn. In contrast, blackthorn can negatively impact the probability of regeneration, and where blackthorn dominated with high cover, no seedlings and saplings were present at all. However, the distinct species' roles do not seem to be universal, as blackthorn can provide significant protection to pedunculate oak seedlings and saplings [52] . However, the seedlings in that mentioned experimental study were artificially planted under the blackthorn shrubs, whereas we surveyed the occurrence of natural regeneration in our study area. Hawthorn appeared to be important for tree regeneration in this system, as its presence, alone and in combination with wild rose, was associated with higher numbers of tree seedlings and saplings. At the same time, hawthorn had a negative effect on the proportion of damaged seedlings and saplings i.e., it had a positive effect on their protection.
The protective role of thorny shrubs from browsers is important in mixed shrub stands, but with hawthorn, often only wild large herbivores could damage the shrubs. The protective role of shrubs may also interact with the community, along with other vegetation and landscape factors [53] . We did not prove in our study area that pedunculate oak regenerated well under the protection of thorny shrubs, despite the fact that our study area is the part of geographical area of pedunculate oak occurrence [54] . We found only one sapling of pedunculate oak with a height of 1.5 metres, even though there were mature trees of oak in the vicinity of our study plots.
The heights of seedlings and saplings decreased with the increasing heights of thorny bushes. This could be related to the reduction of light availability under taller shrubs. Tree species with higher shade tolerance, such as those at our site, may benefit more from association with shrubs, which offer refuge from browsing but will not affect seedling and sapling growth to the same degree as with the less shade-tolerant tree species. We presumed that shrub cover would have a greater effect on seedling and sapling heights than the heights of shrubs, but our results show a stronger relationship between the heights of seedlings and saplings and the heights of thorny shrubs.
Our models 3, 4, and 6 indicated an important role of thorny shrubs as a protection against browsing of large herbivores. However, the protective role of thorny shrubs in the survival and growth of tree seedlings and saplings appeared less decisive than described by Vera [6] , who claimed that tree seedlings and saplings were actually protected from deer and livestock by the thorny shrubs, which served as fences. We found that thorny shrubs only reduced browsing damage on tree seedlings and saplings at the high cover rates, because the large herbivores were able to penetrate deeply into areas covered by smaller or less dense shrubs. A higher proportion of wild rose seemed to reduce the ability of browsers to penetrate deeply into the grove, and this reduced the damage. In the case of blackthorn, sufficient protection was only achieved in very dense and impenetrable thickets. However, these conditions were unfavourable for regeneration and no seedlings and saplings were present. Only in the case of dense thickets formed by hawthorn could we attribute its protective role to the survival of tree seedlings and saplings. Similarly, in the Mediterranean area, hawthorn is the most efficient species in facilitating the establishment and development of tree species' seedlings [55] .
In our study, blackthorn did not provide a suitable habitat for tree regeneration, in contrast with several studies [56] . There was actually no vegetation but only bare soil under the blackthorn thickets (pers. exp.). We also did not observe any of the tree species with heavy seeds, or the pioneer species such as birch, goat willow, or aspen, producing large numbers of tiny winged or fluffy seeds, to regenerate under thorny shrubs. According to our findings, the tree species with winged seeds heavier than the light seeds from pioneer tree species regenerated best under thorny shrubs. The successful regeneration and growth was also likely related to the light demands of the tree species. All the assessed tree species that successfully regenerated under the shrubs can tolerate a substantial degree of shade (better than oak, birch, or aspen), and can thus survive and grow under the canopies of the shrubs. Both common ash and maple are shade-tolerant tree species in their early years, and thus they are able to grow under the shelter of shrubs [57] .
Large herbivores affected the formation of wood pastures and the lack of browsing refuges limited sapling establishment, as shown in test plots of artificially planted seedlings of shrubs (thorny and thorn-less) and two hardwood species, oak and ash [58] . This could also be seen in the growth assessment of oak seedlings planted under thorny shrubs. Manning et al. [59] confirmed that too much and too little browsing can be threats-too much leads to a lack of recruitment, and too little can turn open-wood pastures into denser forest ecosystems.
On the other hand, thorny shrubs need not play such a decisive role in the regeneration of lowland forests. According to data from the Bialowieza Forest in Poland, lowland forest gaps were also found to regenerate without the presence of protective shrubs, even though ungulates prefer vegetation gaps to closed forest for their browsing [60] . While Vera [6] claimed that oak also regenerates on the fringes of scrubs but not (or hardly) in a mature forest, pollen data from the Bialowieza Forest indicate that pedunculate oak (Quercus robur L.) is stand-dominant, and not just an ephemeral, mid-successional species. However, we have to take into consideration that oak is a long-lived pioneer species, which can also regenerate after fire. The natural succession in the gaps in forests made through anthropogenic activity is formed by pioneer tree species such as birch (Betula spp.), willow (Salix spp.), and poplar (Populus spp.), which are later replaced by Norway spruce, pine, and oaks [61] . Abandoned agricultural land in the vicinity of the Bialowieza Forest is not covered by thorny shrubs, but by a mosaic of communities of tall grasses and perennial herbs, and by clumps of bushy willows as well as numerous wooded groves dominated by pioneer tree species such as birch, aspen (Populus tremula L.), black alder (Alnus glutinosa (L.) Gaertn.), and goat willow (Salix caprea L.) [62] . Although Vera's theory is controversial and not accepted by all scientists, it is inspirational for future research, by our opinion. It is not only the question of what the primeval lowland forests looked like which has provoked increased interest in research trying to find confirmation or rejection of Vera's hypothesis, but also the research into the relationships among big grazers, thorny bushes, and forest regeneration. Therefore, we believe that our study can contribute to the debate over the role of thorny shrubs in the natural regeneration of deciduous forest trees under pressure from large herbivores. While some authors [63] talk of an open park-like landscape, where tree regeneration can only be successful under the protection of thorny shrubs, other authors attribute a much less critical role to wild large herbivores or debate the degree of the landscape openness [64] , therefore also rendering the protective role of thorny shrubs for successful regeneration less important [7] . Even if the landscapes were more open, the physical effects of large herbivore activity, such as trampling and digging [65] , and lower concentrations of atmospheric CO 2 [66] [67] [68] [69] may have contributed to this pattern.
A high density of large carnivores can be solved by a large-scale game management system in a traditional sport hunting culture, as pointed out by the first report of a successful solution for reducing the browsing damage of deer via an intense hunting effort in Germany [70] . However, in some European countries such as in the Czech Republic, hunters seek to maintain high large herbivores densities (despite browsing damage) because of their subjective interests on traditional hunting as a hobby [71] . This issue needs to be discussed widely in conservation and forestry literature. The browsing pressure of large herbivores on tree regeneration can be successfully mitigated by large predators, such as wolves [72] . This is not timely in our study area, where large predators are absent, but we can register a slow recovery of large carnivores in many of Europe's modern human-dominated landscapes [73, 74] . Despite the facts that predator-prey interactions in anthropogenic landscapes will be highly context-dependent and human actions will often attenuate the ecological effects of large carnivores [75, 76] , recovery of large predators in our study area would probably support an ecological role of thorny shrubs in the protection of natural tree regeneration.
Conclusions
Our study contributes to the debate about the important ecological relationships between some species of large herbivores and temperate forest regeneration. Our study area was covered by a mosaic of thorny shrubs, with trees regenerating under their canopy, and with maternal trees in the vicinity. Not all thorny shrubs played a key role in the associational resistance of the tree seedlings and saplings. While blackthorn did not provide a suitable refuge for the regeneration of deciduous tree species against the browsing pressures of red deer and sika deer, hawthorn and wild rose were more suitable for their regeneration. Even though the large ungulates could occasionally penetrate into the interior of shrub thickets formed by both hawthorn and wild rose, thus causing damage by browsing, the dense groves of both shrub species were more effective in protecting seedlings and saplings from browsers than more open shrub groves. In accordance with Vera's hypothesis, thorny shrubs provided the best conditions for the regeneration of forest trees under pressure from some species of large herbivores. However, we confirmed this only for some regenerated tree species (common ash and wild cherry).
For sustainable landscape management, we need to understand the factors that can reduce damage on tree regeneration caused by large herbivores in general. Here, we distinguish the effects of thorny shrub coverage, the composition of the shrubs, and the role of shrub heights in the survival and growth of tree seedlings and saplings. These findings can be used in temperate vegetation management to aid regeneration in areas with high populations of red deer and sika deer, and in landscape planning based on using the thorny shrubs in initiating forest stand regeneration in the frame of ecological restoration projects.
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